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phenols/ketones and urea, which combine the processability and homogeneity of liquids with the well-defi ned structure of prealigned liquid crystals. This is in contrast to other works using DES for carbon synthesis mainly leading to isotropic mixtures and carbons of comparably low nitrogen content. [ 23, 24 ] Phenols and ketones are a multifarious group of readily available, structurally fl exible, and inexpensive chemicals which are also a signifi cant product of proposed biorefi nery schemes [25] [26] [27] [28] while simple urea serves as an effective nitrogen source and melting point reduction agent. Due to strong hydrogenbonding, these monomers form deep eutectic liquid mixtures that are well-suited for liquid-based carbon synthesis. In addition, it is possible to choose among various phenol/ketone precursors to control the initial orientation and degree of cocondensation of the fi nal material in a "mosaic-like" approach to control the nanoarchitecture. As a result, control over preorganization, functionality, and heteroatom-doping in the target carbon material can be accomplished in a comparably simple and modular fashion, i.e., we intend to follow a concept of "nanoarchitectonics for mesoporous materials." [ 29 ] The central objective lies in attaining improved chemical control over the entirety of the condensation process. This requires liquidity/plasticity in the fi rst reaction stages, along with adjustable wettability and the coupled possibility of coating or templating. This has to proceed to the preorientation of the to-be-formed graphitic materials, here via supramolecular/liquid-crystalline precondensates. This work seeks to bring pyrolysis (also referred to as "carbonization" or "coalifi cation"), with its rather challenging to understand processes and poor control and reproducibility, closer to concepts such as polycondensation (known from polymers) with improved reaction control. We especially focus in this paper on the condensation of urea with cyclohexanhexone, a precursor without any C H bonds. The different reaction steps and the resulting materials are characterized by X-ray diffraction (XRD), nuclear magnetic resonance (NMR) spectroscopy, elemental analysis, high-resolution electron microscopy, electron energy loss spectroscopy (EELS), and X-ray photoelectron spectroscopy (XPS). Combined understanding from these techniques indicates a covalently bound, highly aromatic carbon/nitrogen-material with the approximate composition of C 2 N, high homogeneity, and the nitrogen predominantly present as pyrazinic units. An idealized scheme of this reaction is presented in Scheme 1 .
The ability of three representative phenols/ketones to form eutectic mixtures with urea was explored, though restricted to stoichiometric compositions allowing further condensation (i.e., two hydroxyl-and/or oxo-groups per two nitrogen moieties present in urea). By choice of the monomer ( Table 1 ), a range Carbon nanoarchitectures, such as fullerenes, nanotubes, and graphenes, are versatile and promising materials whose properties depend essentially on their structures and surface compositions. [ 1 ] Standard sustainable precursors for carbon include phenol-formaldehyde resins, [2] [3] [4] [5] carbohydrates, or even crude biomass, though the use of such precursors reduces control over composition. [ 6, 7 ] From a synthesis perspective, a signifi cant processing advantage can be realized by applying liquid precursors with little or no volatility, including ionic liquids [8] [9] [10] or deep eutectic mixtures. [ 11 ] Due to the fl uidity, shaping and/or coating processes are simple, as is the use of structure-directing agents, chosen based on polarity and miscibility with the liquid precursor, to introduce defi ned porosity. As a desirable secondary effect, use of liquid precursors allows convenient syntheses of carbonaceous nanostructures with controlled contents of nitrogen, [ 12 ] phosphorous, [ 13 ] boron, [ 14 ] and/or sulfur-dopants [ 15 ] with useful properties, including high oxidation stabilities ("noble carbons"), high conductivities, and various degrees of (electro)catalytic activities. [ 16, 17 ] The reason for these improved properties is still disputed, [ 18, 19 ] but the role of local electron density and heteroatom distribution within the designed carbon nanoarchitectonics appears to be of key importance. [20] [21] [22] However, understanding and control of the local material composition and structure on the level of atomistic element patterns and their regularity has been diffi cult to achieve due to the inherently dynamic and random nature of current carbon syntheses.
Here, a new synthesis approach is presented based on supramolecularly preorganized precursor mixtures composed of Scheme 1. Depiction of synthesis process of cyclohexanehexone and urea reactants to a cross-linked intermediate material (top), which at temperatures in excess of 500 °C ( T 1 < T 2 ), converts stepwise to nitrogen functionalized carbons containing primarily pyridinic and pyrazinic nitrogens (bottom). Table 1 . Note that the sum of weight percentages does not equal 100%, which is likely due to the high stability and thus incomplete combustion of the materials. This is also supported by XPS which reveals low oxygen contents for the condensed materials (Table SI-1, Supporting Information, XPS surface composition data).
The diverse phenomenon occurring during synthesis process are representatively shown for the cyclohexanehexone and urea-based materials (SCM-6-y ) in Figure 1 a-c. Starting from a powder mixture of cyclohexanehexone and urea (Figure 1 a) , gentle heating results in liquefaction below the melting point of the respective components (here 68 °C), indicating deep eutectic behavior. Simultaneously, a color change from beige to dark orange is observed (Figure 1 b, inset) . The eutectic mixture can be easily supercooled and examined by polarization microscopy to show birefringence typical for liquid crystals (Figure 1 b) . This indicates the development of a stacked, aromatic charge-transfer system, i.e., the coupling of the monomers towards larger, preorganized assemblies. During heating, the evolution of water and gases from monomer condensation or potential some decomposition are observed. Reactivity of the precursor components was noticed to increase with the number of hydroxyl-and/or oxo-groups.
For 1,2-benzoquinone and urea (SCM-2-90), cooling of the eutectic generates a crystalline solid ( Figure SI-1d ,e, Supporting Information). For 2,5-dihydroxy-1,4-benzoquinone and urea, condensation occurs along with an increase in viscosity similar to cyclohexanehexone-based materials, fi rst forming a sticky plastic state which can be pressed to fi lms or spun to fi bers ( Figure SI-2 , Supporting Information). Finally, these systems adopt a resin-like state which suggests the development of an extended network structure, likely via both covalent linkages and hydrogen-bonds. FT-IR measurements of the sample prepared from cyclohexanehexone and urea at 90 °C show signal shifts compared to the pure educts indicating hydrogen bond interaction of the amine and ketone functionalities ( Figure SI . These fi ndings further hint to strong but reversible hydrogen bonds supporting the results obtained from liquid NMR and XPS. Adjustment of viscosity by addition of water was determined to be a processing option in most cases, though this may infl uence local order and organization.
Further condensation at 500 °C leads to carbons of varying appearance which again can be related to the various observed modes of preorganization. While the material prepared from 1,2-benzoquinone (SCM-2-500) forms black needles, those synthesized from the other precursors (see SCM-6-500, Figure 1 c) are silvery black carbons with pronounced metallic gloss and a cohesive, monolithic foam morphology which is strongest for the cyclohexanehexone-derived materials. It is to be noted that the formation of such "metallic" states following heating to the comparatively low temperature of 500 °C is very unusual, however known from conducting polymers and is regarded as one of the advantages of the described synthesis.
Importantly the elemental compositions of the materials synthesized by condensation at 500 °C are very close to reaction products formally obtained by the removal of all condensable water molecules (i.e., a "C 0.6 N 0.4 " for the SCM-6-500 species and a "C 0.66 N 0.33 " for the SCM-4-500 species) indicating that urea and quinones readily condense in a fi rst step via water elimination toward the black-silver polymer resin-like species. Interestingly, the compositions of the materials synthesized by heat treatment at 500 °C are oxygen-poor, even assuming the maximum number of possible dehydration reactions, indicating there is a second oxygen elimination reaction active already at comparably low temperatures.
TGA-MS measurements were performed to support this molecular picture. The only elimination products which could be identifi ed were H 2 O followed by CO and N 2 ( Figure SI-4 , Supporting Information). At temperatures greater than 700 °C, this is followed by combustion processes due to residual oxygen. This product pattern is in agreement with a proposed condensation mechanism eliminating fi rst water, then the excess of urea fragments.
XRD patterns ( treatment, and the growth of graphitic domains from this preorganized state. The 1,2-benzoquinone-and urea-based material (SCM-2-90) exhibits a well-defi ned diffraction patterns (Figure 2 a) , which confi rms the presence of larger precursor crystals. These crystals are not the focus of the present manuscript, but serve as a low molecular weight model to provide some insights into the reaction mechanism. Materials synthesized with precursors having greater numbers of hydroxyl-or oxo-groups (SCM-4-135 Figure SI-5, Supporting Information and SCM-6-90 Figure 2 b) exhibit broader peaks typical for noncrystalline polymers. The primary refl ection observed for these materials is centered at ≈26° of 2 θ , and is usually attributed to the stacking of aromatic systems. [ 30 ] Further, SCM-6-90 reveals a second broad refl ection centered at around 14° which has been attributed to the in-plane ordering of the H-bridged complexes. This is supported by the 1 H solution-state NMR spectrum of SCM-6-90 which exhibits high intensity signals at positions between 10.5 and 12.0 ppm that are indicative of strong dipole-coupling between stacked and highly organized polarizable layers (Figure SI-6, Supporting Information) already in the liquid state. These aggregates can be also easily observed by AFM (data not shown here) where the sample appears to be composed of thin, primarily fl ake-like aggregates with thicknesses of ≈1 nm. Together, the presence of diffraction signals associated with aromaticity and intermolecular hydrogen bonding in the materials prior to high temperature treatment supports the unique degree of preorganization of the presented precursor system.
Heat treatment at elevated temperatures leads to X-ray diffractograms with more pronounced aromatic stacking peaks, typical of graphitic carbons, concurrent with development of the in-plane signal at ≈43°. This refl ects the progressing condensation and extension of the aromatic system. The fast cross-linking at early reaction stages and the resulting high stability is supported by unusually high reaction yields (70-98 wt% and 10-30 wt% at low and high synthesis temperatures of 90 and 800 °C, respectively) as well as unusually high preservation of nitrogen content ( Table 1 ). The outstanding value of 28 wt% nitrogen for the cyclohexanehexone-and urea-based material condensed at 800 °C (SCM-6-800) indicates that the initial nitrogen content can be preserved even at elevated temperatures. Note that the ideal "C 2 N" would be characterized by 33 mol% of nitrogen that is indeed very close to the material even at the higher temperatures (Scheme 1 ). Retention of heteroatoms in general, and their presence in specifi c positions and moieties particularly, is highly desired since they are expected to introduce electronic structures which improve (electro)catalytic properties or performance in supercapacitor electrodes. [ 31 ] The unusually high retention if nitrogen also at elevated temperatures must be attributed to the initial preorganization of the precursors into aromatic systems at stable positions which do not require substantial rearrangement during heating. This is refl ected also in the thermal development of the X-ray diffractograms of cyclohexanehexone-based materials (SCM-6-y ) (Figure 2 d-f) , in which only minor changes in peak position and intensity are observed.
To identify the type of nitrogen in these materials, high-resolution nitrogen XPS was performed. Deconvolution of the N 1s peak according to electron binding energies established that SCM-6-500 and SCM-6-800 are primarily composed of pyridinic/ pyrazinic and pyrrolic nitrogen species, as shown in Table 2 . Graphitic (also referred to as "quaternary") nitrogen and nitroxide species are minority species in both materials, though their relative proportions increase at the higher condensation temperature. The high contents of nitrogen present in sixmember aromatic rings such as pyridinic and/or pyrazinic moieties is very exciting, as the only way to incorporate such high quantities of nitrogen in such sites without C H bonds is in a structure similar to the one presented in Scheme 1 . Although primarily composed of pyrazinic moieties, structural imperfections and nonclosed rings/surface termination are suspected as source of the 7 at% of pyrollic nitrogens. It is to be underlined that XPS is a surface sensitive technique, i.e., the 7 at% pyrrollic sites include the necessarily existing surface terminations, and the structural bulk content is presumably significantly higher. Here, it is noted that the solid-state NMR investigation of nitrogen-containing carbons is not trivial because of high electronic conductivity and has failed for similar systems in many cases. A more detailed investigation of the materials Adv. Mater. 2016, 28, 1287-1294 www.advmat.de www.MaterialsViews.com 
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with this technique was performed and agrees with our structural models, though the data will be presented in all details in a following independent manuscript.
To demonstrate the versatility and processability of the SCMapproach not only to the level of molecular control of carbon ordering and heteroatom substitution patterns, also the microand nanoarchitecture of the materials was synthetically controlled toward different morphologies. Representatively performed with the cyclohexanehexone-based system, nanoarchitectures including ordered mesopores with high surface area and zeolite-like materials were obtained by using either SBA-15 as a hard template or salt templating/salt melt synthesis, respectively. [ 32 ] TEM images reveal that both templating methods can be successfully employed for the morphosynthesis of differently structured, highly porous, nitrogen-containing carbon materials. For the material produced with SBA-15 (SCM-6-800-SBA-15) even the typical negative-line pattern structure of the initial template is found ( Figure 3 a) .
The presence of suffi ciently thin morphologies also enables the application of aberration-corrected high-resolution transmission electron microscopy (HR-TEM) for characterization of the porous samples. Figure 3 b-d shows a material prepared from cyclohexanehexone/urea at 700 °C in ZnCl 2 salt melt which is essentially composed of stacked but partially bent graphitic layers with the typical stacking distance of 0.35 nm, as already observed in the XRD experiments. The fact that the thicker grains are composed of lamellar substructures is visible in Figure 3 b, but can be further elaborated by electron diffraction and Fourier-fi ltered reconstituted images (Figure 3 c,d ). Contrary to classical carbon nitride samples or ordinary amorphous carbons, the samples are highly stable under the electron beam.
Nitrogen sorption experiments further confi rm the successful templating by SBA-15 mesostructured silica and ZnCl 2 salt to produce high surface area samples from this novel precursor system ( Figure 4 ). Salt templating has turned out to be remarkably successful in the context of well-defi ned carbon structures. [ 10 ] Specifi c surface area includes not only the outer structural surface, but also accessible meso-and micropores which contribute the majority of the surface area. The very high specifi c surface area of 1512 m 2 g −1 of the material prepared with ZnCl 2 salt together with the morphology observed in HR-TEM strongly hint to single carbon-nitrogen layers with densely packed zeolite-like pores. All data corroborate a structural model of porous layers where the pores are lined by pyrazinic nitrogens. The high surface areas together with the high nitrogen-functionality makes these materials of signifi cant interest for (electro)catalytic applications.
Adv. Mater. 2016, 28, 1287-1294 www.advmat.de www.MaterialsViews.com A representative EELS spectrum recorded from the ZnCl 2 -based sample over the energy range of the carbon K-and nitrogen K-edges is shown in Figure 5 a. Both, the carbon Kand nitrogen N-edges show clear π*-and σ*-features, and from the integral intensity of the respective edges an elemental C/N ratio of roughly 80/20 can be estimated. The fi ne structure of the carbon K-edge refl ects defective, sp 2 -hybridized carbon with amorphous contributions. Compared to the carbon K-edge, the nitrogen edge shows more developed features in the π*-region, refl ecting differently coordinated N-species, a more pronounced valley between the π*-and σ*-features as well as a less broadened σ*-feature, refl ecting a higher degree of sp 2 -ordering. The EELS fi ne structure contains information about the electronic structure at and in the surrounding of the ionized species. Hence, it can be assumed that the nitrogen atoms share the electronic structure with a portion of the carbon that is more ordered than what is refl ected in the overall carbon K-edge. The excess of carbon that is found to be present by the EELS quantifi cation therefore contributes to the amorphous portion of the carbon K-edge, while the nitrogen K-edge indicates that the special precursor bonding motif is kept throughout the condensation process. Overall, the EELS spectrum supports the suggested structural model of a slightly defective C 2 N structure, as initially depicted in Scheme 1 .
To illustrate the semi-metallic character of the carbon/ nitrogen arrays synthesized by the present approach already at comparably low synthesis temperatures, conductivity measurements were performed on the non-templated SCM-6-800 synthesized at 800 °C. A value of 2 S cm −1 at 423 K was obtained for a sintered pellet, while Seebeck measurements clearly indicate the dominant n -character of the charge transport. The details of these electronic measurements however exceed the limits of this publication and are subject to forthcoming work.
This article presents the use of a class of deep eutectic mixtures composed of oligophenol/ketones and urea to synthesize new carbon-nitrogen materials. The geometry of the phenol/ketone acts as a structure donating motif while the urea serves simultaneously as a melting point reduction agent and nitrogen source. As a specifi c example, materials generated from a mixture of cyclohexanehexone and urea were examined by elemental analysis, XRD, HR-TEM, EELS, and XPS. The data indicate that condensation of these two reactants occurs in a structurally organized fashion. Carbonaceous condensates with metallic gloss are obtained starting from reaction temperatures as low as 500 °C. The products condensed at 700-800 °C can be generally described as a disordered version of "C 2 N" with a nitrogen content of 28 wt%, while the nitrogen is predominately placed in pyrazinic positions, with pyrollic nitrogens present for surface termination and as defect structures. HR-TEM analysis coupled with EELS gives indication for a locally highly organized lamellar structure, while determination of specifi c surface area on the same samples clearly shows that those lamellae must be microporous as such, that is the carbon sheets contain densely packed zeolithe-like pores which are lined with pyrazinic nitrogen. This represents a new structural paradigm in C/N-based materials, and it can be expected that the resulting family of N-modifi ed carbons will effectively complement N-doped Adv. Mater. 2016, 28, 1287-1294 www.advmat.de www.MaterialsViews.com 
Experimental Section
Synthesis : 1,2-dihydroxybenzene (Sigma-Aldrich, 105 °C decomposition), 2,5-dihydroxy-1,4-benzoquinone (Alfa Aesar, 220 °C sublimation), cyclohexanehexone octahydrate (Sigma-Aldrich, 99 °C decomposition), and urea (133 °C melting point) were used as received. To prepare 1,2-benzoquinone from 1,2-dihydroxybenzene, 0.5 g of 1 M NaOH solution was added to 5 g of 1,2-dihydroxybenzene under stirring and kept overnight to form dark blue crystals.
Mesostructured silica (SBA-15) was synthesized based on previously reported work. [ 33, 34 ] In brief, 8 g of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer (Pluronic P123) was dissolved in 60 mL of deionized water. To this solution, 17 g of tetraethylorthosilicate and 240 mL of 3 M HCl were added, and vigorous stirring was performed for 10 min. Polymerization of the hydrolyzed silica precursors was accomplished by stirring the solution for 20 h at 40 °C. The solution was then held at 90 °C without stirring for 2 d, vacuum fi ltered, and calcined for 12 h at 550 °C to remove the triblock copolymer and produce the mesostructured silica powder.
In a typical "supramolecular carbon synthesis," stoichiometric amounts of the phenol/quinone and urea are mixed such that each oxogroup is paired by nitrogen-moiety of urea (i.e., 1,2-benzoquinone:urea in a 1:1 mole ratio, 2,5-dihydroxy-1,4-benzoquinone:urea 1:2 and cyclohexanehexone:urea 1:3). Deep eutectics were formed through gentle heating of the powder mixtures in a glass vial to temperatures between 90 and 135 °C depending on the specifi c precursor mixture. For the synthesis of the carbons, the eutectic mixtures were then heated to varying temperatures under nitrogen fl ow with a heating rate of 2.5 °C min −1 and held at the target temperature for 1 h.
Porous versions were produced from the precursor mixture containing a 1:3 mole ratio of cyclohexanehexone and urea using SBA-15 or ZnCl 2 as templates. For SBA-15, after heating the precursor mixture (1366 mg) at 90 °C to form a liquid, 1 mL of water (for reduced viscosity) is added, and the liquid was infi ltrated under reduced pressure into 350 mg of SBA-15 powder. For the salt template, after heating the precursor mixture at 90 °C to form a liquid, the resolidifi ed precursor mixture was ground at room temperature with ZnCl 2 in a weight ratio of precursor:salt of 1:8. After high-temperature heating (SBA-15 800 °C, ZnCl 2 700 °C), the composite products were ground, with SBA-15 removed through stirring overnight in 250 mL of 1 M NaOH solution. ZnCl 2 salt was removed through washing in 1 L of water followed by washing in 1 M HCl. All products were fi nally dried in a vacuum oven at 50 °C.
The materials described herein are referenced as SCM-x -y , where SCM stands for supramolecular carbonaceous materials; x denotes the number of phenol/oxogroups of the educt, and y the synthesis condensation temperature.
Characterization : Bulk elemental composition was determined by combustion analysis using a Vario Micro device. Wide angle X-raypatterns were taken on a Bruker D8 Advance instrument using Cu-K α -radiation. Differential scanning calorimetry (DSC) was performed with a Mettler Toledo DSC 1 STARe System under nitrogen atmosphere. The samples were run in an aluminum crucible in a sealed furnace and heated to 200 °C with heating rate of 5 °C min −1 . Subsequently, the samples were cooled down at the same rate. Thermogravimetric analysis-mass spectrometry (TGA-MS) was performed using a Netsch thermogravimetry TG 209 F1 Libra linked to a Pfeiffer Vacuum Omnistar gas analysis system with 194 cycles 105 min −1 with detection in the range of M w from 10 to 159 Da.
Transmission electron microscopy (TEM) images were obtained on a Zeiss EM 912Ω instrument and SEM images on a LEO 1550-Gemini instrument after sputtering with platinum. High-resolution TEM images and EELS spectra were recorded using a double Cs corrected JEOL ARM 200F instrument. Since the material demonstrated a very high stability against electron beam damage, the microscope was operated at 200 kV.
Nitrogen sorption measurements were performed using N 2 at 77 K after degassing the samples at 150 °C under vacuum for 20 h with a Quantachrome Quadrasorb SI porosimeter. The surface area was calculated by applying the Brunauer-Emmett-Teller model to the isotherm data points of the adsorption branch in the relative pressure range p / p 0 < 0.3 in the linear region with the best correlation. The pore size distribution was calculated from N 2 sorption data using the nonlocal density functional theory equilibrium model method for slit pores provided by Quantachrome data reduction software QuadraWin Version 5.05.
For AFM measurements, the initial concentration of liquidcrystalline eutectic mixture in the undercooled liquidus from cyclohexanehexone:urea mixture 1:3 (SCM-6-90) was diluted in water, thereafter drop-casted on a substrate (freshly cleaved mica), and left to dry at room temperature. AFM height and phase images were obtained in the soft tapping mode by Dimension 3100 AFM (Veeco/Bruker, USA) controlled by the Nanoscope IIIa controller (Digital Instruments/Bruker, USA). Standard silicone tips (Olympus, model OMCL-AC160TS, Japan; BudgetSensors, model Tap300-G, Bulgaria) with radius around 10 nm were used. Measurements were performed at room temperature, relative humidity of about 40%, in a low-noise acoustic chamber. For the evaluation of the AFM data Gwyddion 2.38 and NanoScope Analysis 1.50 were used.
Size exclusion chromatography (SEC) with simultaneous UV (270 nm) and RI detection was conducted in DMSO (+0.5 g L −1 LiBr) at 70 °C at a fl ow rate of 1.0 mL min −1 using a 50 mm × 7.5 mm and a 300 mm × 7.5 mm PSS-GRAL column (particle size, 10 µm; linear porosity, 500-1 × 10 6 g mol −1 ). Solutions containing 1.5 g L −1 were fi ltered through 0.45 mm fi lters. The calibration was done with poly(methyl methacrylate) standards (PSS, Mainz, Germany).
Solution-state 1 H NMR spectroscopy was carried out at room temperature on a Bruker DPX-400 spectrometer operating at 400.1 MHz. Collected spectra consisted of the average of 10 000 scans collected with an acquisition time of 3.0 s. For the measurement, 20 mg of sample were dissolved in 0.7 mL of deuterated dimethyl sulfoxide (DMSO) and the solvent peak used for calibration.
Surface compositions of the materials were characterized by XPS using a Kratos Axis Ultra X-ray photoelectron spectroscopy system. These measurements characterized the elemental composition of the exterior 8-10 nm of sample particles with 0.1 at% resolution. Surface elemental compositions were determined using survey scans over a range of 1200 to 0 eV with a step size of 0.5 eV and a pass energy of 160 eV. Quantitative characterization of the presence of various nitrogenous sites was accomplished using high-resolution nitrogen XPS, scanning over a range of 413-390 eV with a step size of 0.05 eV and pass energy of 20 eV. Spectra were processed using CasaXPS software, and each distribution recorded by the high-resolution N scan was deconvoluted into multiple Gaussian line shapes based on the binding energies of electrons associated with nitrogens in various functional groups. [ 35 ] 
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